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A B S T R A C T   

In the recent decades, satellite monitoring techniques have enhanced the discovery of non-catastrophic slope 
movements triggered by earthquake shaking involving old paleo-landslides with deep-seated sliding surfaces. 
Understanding the triggering and attenuation mechanisms of such mass movements is crucial to assessing their 
hazard. In December 2018, Etna volcano (southern Italy) began a very intense eruption, which was accompanied 
by a seismic swarm with magnitudes reaching 4.9. Synthetic aperture radar data identified local displacements 
over a hilly area to the west of Paternò village. We evaluated the contribution of seismically induced surface 
instability to the observed ground displacement by employing a multidisciplinary analysis comprising geological, 
geotechnical and geomorphological data, together with analytical and dynamic modelling. The results allowed us 
to identify the geometry and kinematics of a previously unknown paleo-landslide, which was stable before the 
volcanic eruption. The landslide was triggered by the light-to-moderate seismic shaking produced by the 
strongest event of the seismic sequence, namely, the December 26, Mw 4.9 earthquake. This observation confirms 
that seismic shaking has a cumulative effect on landslides that does not necessarily manifest as a failure but could 
evolve into a catastrophic collapse after several earthquakes.   

1. Introduction 

Seismically induced landslides frequently accompany earthquakes 
(Bird and Bommer, 2004). Several case studies have been reported in 
which landslides, mainly rock falls, soil and rock slides, mudflows and 
rock avalanches, have been triggered by strong ground shaking 
(Rodríguez et al., 1999; Zhang, 2018 and references therein). The ma
jority of these sliding phenomena involve the catastrophic collapse of 
the rock/soil mass (Roback et al., 2018). However, in recent decades, 
satellite monitoring techniques, such as the synthetic aperture radar 
Interferometry (InSAR), have allowed the discovery of non-catastrophic 
slope movements involving deep-seated sliding surfaces of old paleo- 
landslides (Albano et al., 2018, 2016; Casagli et al., 2017; Chen et al., 
2014; Frattini et al., 2018; Huang et al., 2017; Moro et al., 2011; Polcari 
et al., 2017; Sato and Une, 2016). The triggering and attenuation 
mechanisms of such mass movements depend on several factors, such as 
seismic shaking intensity, geomechanical properties, and groundwater 
interactions (Bozzano et al., 2013; Esposito et al., 2007; Moro et al., 

2012). These factors govern the spatial extent and amplitude of the 
sliding mass displacement, which can evolve catastrophically after 
several seismic cycles. It is thus crucial to understand the factors trig
gering such sliding phenomena to assess their hazard. 

An example of an earthquake-induced, non-catastrophic large mass 
movement was observed during the December 2018 Etna volcano 
(southern Italy) eruption (Bignami et al., 2019). On December 24, 2018, 
Etna volcano began a very intense eruption, featuring massive ash and 
gas emissions, lava flows, and a seismic swarm with magnitudes less 
than 5. Hundreds of earthquakes (Fig. 1) were associated with a dyke 
intrusion in the upper part of the Etna volcano, which induced signifi
cant deformation of the volcanic edifice (Bonforte et al., 2019; De 
Novellis et al., 2019). The dyke intrusion encouraged, with favourable 
stress loading, seismic dislocation of the Fiandaca Fault (Fig. 1) (De 
Novellis et al., 2019). A strike-slip earthquake (Mw 4.9) nucleated on 
December 26, 2018, at a focal depth of approximately 1 km, causing 
ground fractures and some damage to nearby villages (Villani et al., 
2020). 
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Space-borne synthetic aperture radar (SAR) data provide stunning 
pictures of the displacement fields caused by volcanic eruptions and 
earthquake dislocations (Bignami et al., 2019; Bonforte et al., 2019; De 
Novellis et al., 2019). Fig. 1 shows the wrapped displacement observed 
in the period December 22–28, 2018 along the descending line of sight 
(LoS), that is the direction of the shortest path between a point on the 
Earth’s surface and the SAR antenna. Each colour cycle, from black to 
white, corresponds to ground displacement of approximately 2.8 cm. 
One highly visible deformation pattern is located along Mt. Etna’s 
flanks, where a bi-lobate interferometric fringe pattern highlights the 
deformation induced by dyke intrusion (Bonforte et al., 2019; De Nov
ellis et al., 2019). A second deformation pattern is localised to the S-E of 
Etna volcano, where small fringe pattern identifies the displacements 
caused by the December 26, Mw 4.9 strike-slip dislocation of the Fian
daca Fault (De Novellis et al., 2019). 

Local small interferometric fringes identify a third deformation 
pattern over a hilly area located approximately 5 km west of Paternò 
village (the dashed black box in Fig. 1) (Bignami et al., 2019). This 
displacement is not related to volcanic inflation or fault dislocation, 
because no large earthquakes have occurred nearby (Fig. 1). Bignami 
et al. (2019) interpreted this displacement as potentially associated with 
the seismic reactivation of a paleo-landslide. Indeed, several geomor
phological features are recognisable in the area, such as double crest 
lines, scarps, counterscarps, trenches, and depression alignments, which 
are typical indicators of the presence of active or quiescent mass 

movements. However, the epicentre of the strongest event of the 
sequence, i.e., the December 26, 2018, Mw 4.9 earthquake, took place at 
more than 20 km distance and produced negligible seismic shaking over 
this area, with peak ground accelerations of approximately 0.01 g 
(D’Amico et al., 2020). 

Most earthquake-induced landslides are triggered by earthquakes of 
moderate to high magnitude, i.e., greater than 5 (Keefer, 1984). The 
larger an earthquake is, the more likely it is to trigger ground move
ments at a long distance from the epicentre (Keefer, 1984; Rodríguez 
et al., 1999). Generally, an Mw 4.9 event does not trigger landslides at 
distances more than 5–10 km (Keefer, 1984). However, this threshold 
should be considered with caution because it does not consider other 
factors affecting the slope stability, such as slope geometry, strength, 
and interaction with groundwater. 

We conducted a multidisciplinary analysis comprising seismological, 
geological, geomorphological and remote sensing data, together with 
analytical and dynamic models, to unveil the phenomena that caused 
the observed ground displacements. Our analysis confirmed that the 
displacements detected by SAR data were caused by the undrained 
seismic instability of a previously unknown paleo-landslide. This result 
confirms that even light to moderate shaking can trigger landslide 
movement in specific geometrical and geomorphological conditions. In 
this case, earthquake shaking caused the undrained instability of a large 
mass whose slip surface was favourably oriented with the earthquake 
epicentre. 

Fig. 1. Sketch of the Etna volcano area. The coloured pattern identifies wrapped ground displacements from the Sentinel-1 descending interferogram (22/12/ 
2018–28/12/2018), and highlights the deformations caused by the Mt. Etna volcanic inflation, the December 26 Mw 4.9 earthquake along the Fiandaca Fault, and the 
mass movement to the west of Paternò village. The earthquake sequence reported in the figure (Mw > 1.5) was recorded from December 23, 2018, to January 30, 
2019 (Berardi et al., 2020). The main faults are taken from Azzaro et al. (2013). 
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2. Data and methods 

2.1. Geomorphological and lithological data 

A detailed geomorphological analysis was conducted over the study 
area (the dashed black rectangle in Fig. 1). We exploited digital ortho
photos at a 1:33000 scale from Volo Base survey in 1954-1955 and a 
LiDAR-derived digital elevation model (DEM) with 2 m × 2 m resolution 
provided by the Sicilia Region (available at http://www.sitr.regione.sici 
lia.it/). A geo-lithological analysis was also performed by exploiting 
Etna Volcano’s Geological map (1:50000 scale) (Branca et al., 2011) and 
several in situ and laboratory investigations from the literature (Lo 
Verme and La Mendola, 2007; Vecchio, 2011) The latter consisted of 
grain size distributions, oedometric tests, shear-vane tests, and triaxial 
tests, which were exploited to retrieve the physical and strength prop
erties of soils in the study area. 

2.2. InSAR data and processing 

Before, during, and after volcanic unrest, the ground deformation was 
investigated by exploiting several SAR image pairs acquired along both the 
ascending and descending passes by the Sentinel-1A/B (C-Band operated 
by ESA, hereinafter S-1) and ALOS-2 (L-Band operated by JAXA) satellite 
sensors. We exploited ten image pairs to assess the evolution of ground 
displacements over time, with revisit times of 6, 12 and 18 days for the 
ascending and descending S-1 datasets and 364 and 42 days for the 
ascending and descending ALOS-2 datasets, respectively (Supplementary 
Table S1 and Fig. S1). For each orbit pass, surface displacements were 
measured along the radar LoS. Displacements were retrieved with the 
differential SAR interferometry (DInSAR) technique (Massonnet and Feigl, 
1998). DInSAR interferograms were generated on a 15 m ground- 
resolution cell for S-1 data and on a 25 m posting for ALOS-2 data. A 
30 m digital elevation model (DEM) available from the shuttle radar 
topography mission (SRTM) (Farr et al., 2007) was exploited to remove 
the topographic phase contribution. Finally, the filtering approach of 
Goldstein and Werner (1998) was applied to unwrap the filtered inter
ferogram employing the minimum cost flow algorithm (Costantini, 1998). 
The unwrapped pairs were then geocoded using the DEM. 

All interferograms were processed using SARscape® software (Sarmap, 
CH, http://www.sarmap.ch/wp/) integrated into the ENVI environment 
(https://www.l3harrisgeospatial.com/Software-Technology/ENVI 
-SARscape) and currently consolidated two-pass interferometry analysis 
was adopted (Massonnet and Feigl, 1998; Pepe and Calò, 2017). The 
computed ascending and descending LoS measurements were then cor
rected with respect to possible orbital shifts or trends and combined to 
estimate the vertical and horizontal (east-west) ground displacement 
fields according to the equations in Dalla Via et al. (2012). 

2.3. Earthquakes and strong-motion data 

Seismological data included the hypocentral locations and magni
tudes of earthquakes belonging to the seismic sequence from December 
23, 2018, to January 30, 2019 (Fig. 1). For the strongest event of the 
sequence (the December 26, 2018, Mw 4.9 earthquake) we collected the 
PGA-based shakemap, which was provided by INGV (Faenza and 
Michelini, 2011, 2010), and the acceleration time history recorded at 
the Paternò seismic station (PTR in Fig. 1), which was available from the 
Italian Accelerometric Archive (D’Amico et al., 2020). 

2.4. Back-analysis of slope movements 

Multiple approaches are currently available to model slope dynamic 
performance, such as pseudostatic stability analysis, permanent displace
ment analysis, and advanced numerical simulations (Jibson, 2011). 
Pseudostatic stability analysis is simple, requires few data for calibration, 
and provides a straightforward scalar index of stability, the safety factor. 

Permanent displacement analysis (Newmark, 1965) improves the simple 
pseudostatic approach by calculating earthquake-induced ground move
ments with little effort in terms of the required parameters. Numerical 
simulations allow geological and geometrical complexities and account for 
the full dynamic behaviour of soils affected by cyclic loads. However, they 
need a significant amount of data for calibration and are challenging to 
apply at medium to large scales. More sophisticated methods do a better 
job in modelling the dynamic response of the landslide material, poten
tially yielding more accurate displacement estimates, but there is a trade- 
off between the complexity of the analysis and the effort needed to acquire 
input parameters. Therefore, appropriate modelling approach is case- 
dependent; it depends on the scale of the problem and the requirements 
of the analysis. 

We adopted a permanent displacement approach for our case study 
because it provides a reasonable estimate of earthquake-induced dis
placements with few required parameters. Indeed, such an approach has 
been successfully applied worldwide to earthquake-induced landslides 
involving soils or bedrock (Albano et al., 2018, 2016; Jibson, 1993; 
Jibson et al., 2000). In its simplest form, Newmark’s permanent- 
displacement approach assumes that the landslide mass behaves as a 
rigid block that slides on an inclined plane (Fig. 2a). The amount of 
block displacement (δ) depends on the amplitude and frequency content 
of the applied strong-motion record and a critical acceleration param
eter (ac in Fig. 2b), the acceleration value that must be exceeded for the 
block to begin moving relative to its base (the blue curve in Fig. 2b). The 
parts of the acceleration record that exceed the ac value (the grey areas 
in Fig. 2b) are integrated twice to obtain the velocity-time history (the 
green curve in Fig. 2b) and the cumulated displacement of the landslide 
block (δ) (the red curve in Fig. 2b). The higher the ac value is, the lower 
the cumulative δ for the same seismic input. 

The ac value depends on the sliding mechanism and geometry (e.g., 
translational or rotational) and soil strength parameters: the effective 
friction and cohesion in the case of drained conditions (ϕ’ and c’ in 
Fig. 2c); or the undrained cohesion in the case of undrained conditions 
(cu in Fig. 2c). The ac value is commonly estimated by iteratively per
forming a pseudostatic limit-equilibrium analysis of the slope until 
finding an ac value that yields a safety factor of 1 (Zhang, 2018), which 
indicates the onset of the slope instability. 

This approach has been applied to investigate the interplay between 
slope movements observed through InSAR analysis and seismic shaking 
(Albano et al., 2018; Di Naccio et al., 2019). To this aim, we performed a 
back-analysis of the observed sliding mass movements. Back-analysing 
slope movements involves determining the shear strength of the soil 
mass, i.e., c’, ϕ’ or cu in Fig. 2c, given the conditions that existed at the 
time of failure, such as the pore-water pressure distribution, the char
acteristics of the seismic load, and the geometry and slip of the sliding 
surface. The latter could be unknown in the case of non-catastrophic 
slope movement involving blind surfaces, as in this case study. To esti
mate the required parameters, we followed these steps:  

i) Estimation of the geometry and slip distribution of the potential 
sliding surface by analytical inversion of the observed InSAR 
displacement, assuming a planar source embedded in an elastic 
medium;  

ii) Assessment of the critical soil strength parameters by performing 
a pseudostatic limit equilibrium analysis of the slope, considering 
the slip of the sliding surface (δ), the seismic input and the critical 
acceleration (ac) of the slope;  

iii) Validation of the computed strength parameters by comparison 
with those provided by laboratory and in situ surveys. 

2.4.1. Estimation of the geometry and slip distribution of the potential 
sliding plane 

We derive the source responsible for the observed displacement 
through a process known as data inversion, where the cause is inferred 
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from its effect. The geometry and slip distribution of the potential sliding 
plane were retrieved by modelling the InSAR-derived ground displace
ments and assuming shear dislocation on a planar source embedded in 
an elastic and homogeneous half-space (Okada, 1992). This analytical 
approach is widely applied to infer the source geometry of a seismogenic 
fault after an earthquake (Albano et al., 2017; Polcari et al., 2018; 
Stramondo et al., 2016), and several publications have shown its 
effectiveness in modelling of non-catastrophic sliding phenomena 
involving deep sub-planar sliding surfaces (Aryal et al., 2015; Kang 
et al., 2019; Moro et al., 2011). This is possible by introducing correc
tions that modify the simple half-space to include the local topography, 
allowing the sliding surface to lie above the zero-level half-space surface 
(Williams and Wadge, 1998). 

In addition to the analytical model, optimisation algorithms are 
adopted to constrain the source parameters (Atzori and Salvi, 2014). We 
carry out preliminary nonlinear optimisation based on the Levemberg- 
Marquardt algorithm (Marquardt, 1963) to identify the sliding surface 
geometry (dimension, position and inclination) assuming a uniform slip 
in a downhill direction. The optimisation must find the minimum of a 
cost function affected by additional local minima in the n-dimensional 
parameter space, as in all nonlinear problems. Therefore, the algorithm 
is implemented with multiple restarts to avoid the cost function 
becoming trapped in a local minimum. We also run uncertainty analysis 
to assess the best-fit configuration reliability by inverting 50 InSAR 
datasets perturbed with spatially correlated noise, according to Parsons 
et al. (2006) and Atzori et al. (2009). 

After defining the sliding plane with a uniform shear slip, linear 
inversion is carried out to retrieve the slip distribution across it, thus 
providing a more reliable solution. This step is performed in a least- 
squares sense, as in the nonlinear case, with the additional condition 
of preventing negative slip values (unrealistic uphill movements). 

A linear ramp’s parameters are simultaneously assessed and removed 
for each InSAR dataset to minimize the impact of InSAR artefacts. The 
overall process is carried out with the SARscape® modelling tool. 

2.4.2. Assessment of the critical soil strength parameters 
The critical soil strength parameters are determined by performing a 

pseudostatic limit-equilibrium analysis assuming an infinite slope with a 
planar surface (Fig. 2c). 

For a soil obeying the Mohr-Coulomb failure criterion, i.e., τ = c′ + σ′

tan ϕ′ and with a seepage flow oriented downslope, the pseudostatic 
factor of safety is given by: 

Fs =
c′

γDcos2α [ kh + (1 ± kv)tanα ]
+

1 ± kv − ru − kh tanα
kh + (1 ± kv) tanα tanϕ

′ (1)  

where kv (g) and kh (g) are the horizontal and vertical pseudostatic 
seismic coefficients, respectively; γ (kN/m3) is the natural unit weight of 
the soil; D (m) is the thickness of the sliding mass; α is the inclination of 
the sliding plane; ru is a pore pressure coefficient; and ϕ’ and c’ are the 
soil friction angle and effective cohesion, respectively (Fig. 2c). 

In the case of incipient collapse, FS = 1. Thus, it is possible to resolve 
Eq. (1) with respect to the horizontal seismic coefficient kh, neglecting 
the seepage forces (ru = 0) and the vertical component of the seismic 
coefficient (kv = 0): 

kh = kc =
c′

γDcos2α (1 + tanα tanϕ′

)
+

tanϕ
′

− tanα
1 + tanα tanϕ′ (2)  

where kh = kc represents the critical horizontal seismic coefficient, the 
coefficient that triggers slope instability. 

For a slope made of coarse-grained (permeable) material, excess pore 
pressures during seismic shaking are not expected, and the soil behaves 
similar to drained soil. Under such conditions, it is possible to resolve Eq. 
(2) with respect to the soil internal friction angle ϕ’, assuming c’ = 0, 
thus obtaining: 

ϕ
′

c = tan− 1 kc + tanα
1 − kctanα (3) 

Eq. (3) provides the critical soil friction angle (ϕ’c) as a function of 
the critical horizontal seismic coefficient (kc) and the inclination of the 
sliding surface (α). 

For a slope made of fine-grained (less permeable) material, it is 
reasonable to assume that the soil does not drain appreciably during 
earthquake shaking because of the earthquake’s short duration. There
fore, seismic loading may increase the total stress at the base of a slice, 
and there may be an equivalent change in the pore pressure, but the 
effective stress remains unchanged. Under this condition, the soil be
haves as undrained according to the Tresca failure criterion, τ = cu, 
where cu is the undrained cohesion. Therefore, substituting c’ = cu and 
ϕ’ = 0 into Eq. (2) and resolving it with respect to cu gives: 

Fig. 2. (a) The Newmark (1965) scheme of a block resting on an inclined plane and subject to a horizontal acceleration time history. (b) Double integration scheme 
of the acceleration time history according to the Newmark sliding block approach. (c) Infinite slope scheme. 
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cu,c = (kc + tanα)γDcos2α (4) 

Eq. (4) provides the critical undrained cohesion (cu,c) as a function of 
the critical horizontal seismic coefficient (kc), the soil unit weight (γ), 
the inclination of the sliding plane (α) and the thickness of the unstable 
slice (D). 

In Eqs. (3) and (4), the critical seismic coefficient kc is equivalent to 

the critical acceleration ac of Fig. 2b, but is expressed in terms of the 
acceleration of gravity, kc = ac/g. 

The critical acceleration values (ac) (or equivalently the kc values) for 
the Paternò landslide mass are estimated by assigning a range of ac 
values and calculating the corresponding δ values with the Newmark 
displacement approach (Fig. 2b). The acceleration time history regis
tered at the PTR accelerometric station is assumed to be the seismic 

Fig. 3. Geo-lithological and geomorphological sketch of the study area. (a) Geo-lithological map; the dashed white box identifies the extent of panels c and d. (b) 
Main geotechnical parameters of the Terravecchia Formation: γnat = natural unit weight; S = water saturation percentage; k = hydraulic conductivity; c’ = drained 
cohesion; ϕ’ = drained friction angle; cu = undrained cohesion. (c) Aspect-slope map of the study area; colours indicate the aspect; shades of grey indicate the slope in 
degrees. (d) Geomorphological map. (e) Geological cross-section along the A-A’ profile in panel a. Key to the legend: 1. Recent and old terraced alluvial deposits 
(Holocene); 2. Travertine deposits (Holocene); 3. Lava flows, scoria cones and pyroclastic fall deposits (Pleistocene-Holocene); 4. Marly limestone and limestone 
breccias with gypsum (Messinian-lower Pliocene); 5a, b. Terravecchia formation (upper Tortonian); 6. Grey silty-marly clays with Numidian Flysch (Oligocene – 
Serravallian); 7. Outer DGSD body; 8. Inner DGSD body; 9. Areas affected by surficial landslides; 10. Linear trenches; 11. Thrust fault; 12. Normal fault; 13. Strike-slip 
fault. 14. Normal fault with lateral movement; 15. (a) Inner and (b) outer DGSD boundary; 16. Paleo-drainage; 17. Inferred DGSD sliding surface. 
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input. This approach provides an empirical ac - δ curve from which it is 
possible to estimate the ac values that correspond to the slip (δ) of the 
sliding plane retrieved from analytical inversion of the InSAR dis
placements (see paragraph 2.4.1). 

3. Results 

3.1. Geological, geomorphological and lithological features of the area 

The investigated area (Fig. 3a) is part of the Gela fold, and represents 
the most external sector of the Apennines-Magrebides chain. The site is 
composed of proximal molassic deposits known in the literature as the 
Terravecchia Formation (upper Miocene), which developed in subsidiary 
basins and then was deformed in a wide synclinal fold delimited by 
compressive tectonic elements. It presents a thickness of approximately 
300 m and consists of grey-blue and brown marly clays (5b in Fig. 3a), 
with brown brecciated clays near the top of the formation (5a in Fig. 3a) 
(Branca et al., 2011; Carbone et al., 2010). 

Available in-situ and laboratory investigations classify the Terra
vecchia Formation as a slightly overconsolidated clay with silt or silt with 
clay, with a small percentage of sand and gravel (less than 15% in 
Fig. 3b). It has a mean unit weight of approximately 19.5 kN/m3 (γnat in 
Fig. 3b), a degree of saturation of approximately 98% (S in Fig. 3b) and a 
hydraulic conductivity of approximately 3 × 10− 10 m/s (k in Fig. 3b), 
which classifies this lithology as effectively impervious at the relevant 
time and length scales (Carbone et al., 2010). Its drained strength, 
expressed in terms of the effective cohesion and friction (c’ and ϕ’ in 
Fig. 3b), ranges between 25 and 45 kPa and 18–27 degrees, respectively. 
The undrained strength, expressed as the undrained cohesion (cu in 
Fig. 3b), ranges between 90 and 270 kPa. 

The study area presents a hilly morphology (Fig. 3c), with the Mt. 
Castelluccio (218 m a.s.l.), Poggio Cocola (345 m a.s.l.) and Mt. S. Bene
detto (228 m a.s.l.) hills representing the primary relief. The topography 
gradually degrades from Poggio Cocola towards the E (Fig. 3c), with an 
average slope of approximately 10◦ - 15◦, until a large escarpment 
reached at approximately 80 m a.s.l., with slopes greater than 30◦ pro
duced by progressive erosion by the Simeto River. Photogeological 
analysis and the available high-resolution DEM allowed two previously 
unknown deep-seated gravitational slope deformation (DGSD) bodies to 
be distinguished (Fig. 3d). The external body (no. 7 in Fig. 3d) extends 
approximately 3.40 km2 with a W-E length of approximately 2200 m 
and a maximum N-S width of 2000 m. Its uppermost boundary, close to 
Poggio Cocola hill at approximately 300 m a.s.l., is delimited by recently 
developed trenches (no. 10 in the legend of Fig. 3). The internal DGSD 
body (n◦8 in Fig. 3d) is within the larger one and has an extent of 
approximately 1.33 km2. The two DGSD bodies are separated in the W 
by a topographic depression at approximately 260 m a.s.l., where 
abandoned and suspended paleo-drainages (no. 16 in the legend of 
Fig. 3) probably developed because of the different displacement rates of 
the two bodies. Both DGSD bodies are delimited to the E by the Simeto 
River, whose continuous erosion generates an escarpment affected by 
widespread shallow landslides (no. 9 in Fig. 3d). 

The identified geomorphological features suggest that the kinematics 
of the two DGSD bodies are governed by deep-seated sliding surfaces, 
beginning at the top of the DGSD bodies in Fig. 3d and ending at the toe 
of the hill to the E, close to the Simeto River, as shown by the dashed red 
curves in Fig. 3e. The potential sliding surfaces are sub-planar, with a 
gentle slope, and involve a potential soil mass volume of approximately 
3–4 × 108 m3 with a mean thickness of approximately 100–150 m. The 
likely detachment is hypothesised to be at the interface between the 
brown brecciated clays (5a in Fig. 3e) and the grey-blue and brown 
marly clays (5b in Fig. 3e). 

3.2. InSAR-derived ground displacements 

The wrapped ascending and descending interferograms from S-1 

data from December 22 to December 28, 2018, which span the volcanic 
inflation and earthquake dislocation, identified some local interfero
metric fringes 5 km west of Paternò village (the dashed black box in 
Figs. 1 and S2). Fringes are within the outer boundaries of both of the 
DGSD bodies identified by geomorphological analysis (the green border 
in Fig. 4a and b) and terminate abruptly at the foot of the hill (Fig. 4a 
and b). The ALOS-2 wrapped interferograms identify a similar pattern 
(Fig. S3a and b), but with a small number of fringes with respect to the S- 
1 data because of the different wavelength of the ALOS-2 SAR sensor (in 
Fig. S3, each colour cycle corresponds to ground displacements of 
approximately 11.45 cm along the SAR LoS). 

The ascending and descending S-1 interferograms dated December 
16–22, before the volcanic eruption (Fig. S4a and b), do not identify any 
fringe patterns in the area. Therefore, the detected interferometric 
fringes in Fig. 4a and b identify localised ground movements accumu
lated during the seismic swarm (between December 22–28) that are 
thought to be related to processes occurring at shallow depths (Petley 
et al., 2002), such as reactivation of a single or multiple discrete sliding 
surfaces linked to the DGSD body. The latter was dormant before the 
volcanic eruption, as highlighted by multitemporal InSAR data from the 
literature (Fig. S4c) (Guglielmino et al., 2016) (http://tsd.ct.ingv.it 
/tsdws/sar/), which do not show significant movements over the 
study area in 2014–2017. 

The unwrapped S-1 interferograms (Fig. 4c and d) show that dis
placements reach approximately 6 cm at the foot of the hill along both 
the descending and ascending orbits and gradually vanish towards the 
boundaries of the DGSD. The similarity of displacement amplitudes and 
spatial extents along satellite trajectories with different signs (negative 
and positive displacements indicate movements away from and towards 
the satellite sensor, respectively) suggest that horizontal displacements 
dominate the actual movement. Indeed, decomposition of the LoS dis
placements in the vertical and horizontal (E-W) components shows 
slight and uneven subsidence of the DGSD body reaching 2.5 cm (Fig. 5a 
and the red profiles in panels c and e) and a localised uplift of approx
imately 4 cm at the foot of the hill, close to the Simeto River. Horizontal 
displacements (Fig. 5b and the red profiles in panels d and f) are 
eastward-oriented, with amplitude increasing from W to E to a 
maximum of 7.5 cm. SAR sensors cannot observe N-S displacements 
because of the near-polar orbit of the satellite. However, these are 
negligible since geomorphological investigations indicate that the po
tential sliding surface of the DGSD is mainly eastward-oriented. 

The combination of vertical and horizontal displacement compo
nents along the A-A’ cross-section in Fig. 5g shows that the resultant 
displacement vectors along the DGSD body gradually increase in 
amplitude (vector length) and decrease in inclination (vector colouring) 
towards the E, consistent with the possible reactivation of both potential 
sliding surfaces identified from the geomorphological analysis (the 
dashed red curves in Fig. 3e and Fig. 5g). In detail, vectors are oriented 
downward and eastward at the top of the DGSD (i.e., at a distance of 
approximately 650 m in Fig. 5g) and are inclined at approximately 45◦, 
indicating that the horizontal and vertical displacements are compara
ble. Moving towards the E, the vector inclination progressively de
creases to approximately 10◦, indicating an increase in the horizontal 
displacement amplitude with respect to the vertical displacement. An 
abrupt increase to 20◦ is identified at a distance of approximately 2100 
m, probably associated with the reactivation of the second sliding sur
face. Displacement vectors invert the orientation from down to up and 
east near the Simeto River, indicating local bulging at the DGSD toe, in 
agreement with the hypothesis that the sliding surface ends at the toe of 
the hill. 

The displacement of the DGSD is not limited to the investigated six- 
day timespan. Indeed, the horizontal and vertical displacement profiles 
from InSAR data along the A-A’ and B-B′ cross-sections (Fig. 5c to f) 
covering 12 days (the blue curve, from December 22, 2018 to January 
03, 2019) and 18 days (the green curve, from December 22, 2018 to 
January 09, 2019) show that the DGSD accumulates further 
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displacements, mainly in the eastward direction, at least until January 
03, 2019 (the blue curve), but it does not accumulate further displace
ments on January 09, 2019. Such a displacement trend indicates that the 
slope movement is not instantaneous but is associated with the devel
opment and evolution of a transient phenomenon. 

3.3. Earthquakes and strong-motion analysis 

Most of earthquakes occurred in the period December 22–28, 2018 
(Fig. 6a). In the same period, InSAR data show the maximum displace
ments of the DGSD (Fig. 5a and b). However, most of the events occurred 
more than 20 km from the DGSD area, and most had magnitudes less 
than 4 (Fig. 6a and b). Therefore, they did not release enough seismic 
energy to be detected at the PTR seismic station (the green triangle in 
Fig. 1 and 6b). Strong-motion data were recorded for only two earth
quakes, the December 24 Mw 4.2 and December 26 Mw 4.9, events 
(Fig. 6a), which are approximately 25 km from the DGSD area. The first 
of these caused negligible ground shaking at the PTR seismic station, 
with a maximum horizontal PGA of roughly 0.003 g (D’Amico et al., 
2020). The second event was the strongest of the sequence and caused 

moderate-to-severe shaking intensity over an area of approximately 900 
km2 (Fig. 6b) (Faenza and Michelini, 2011, 2010). 

On December 26, 2018 the PTR seismic station registered a PGA of 
0.012 g and an energy content in terms of the Arias intensity (Ia) (Arias, 
1970) of 0.438 cm/s on the E-W oriented acceleration component 
(Fig. 6b). This component aligns perfectly with the potential slip di
rection of the DGSD body (Fig. 3e). 

Both the frequency and magnitude of earthquakes dropped drasti
cally after December 28, 2018 (Fig. 6a). Therefore, it is unlikely that the 
displacements observed prior to January 03, 2019 (Fig. 5d to f) were 
caused by ground shaking. Instead, these were possibly related to a 
transient response after the strongest earthquake of the sequence, and 
associated with the geotechnical features of the soil mass. 

3.4. Back-analysis of the DGSD 

3.4.1. Assessment of the potential sliding plane and slip distribution 
The InSAR-derived ground displacements were exploited to estimate 

the geometry, position and slip distribution of the potential sliding 
surface following the two-step inversion approach described in Section 

Fig. 4. Processing results of the S-1 data in the time interval of December 22–28, 2018. The upper panels show the wrapped interferograms along the ascending (a) 
and descending (b) orbits, while the lower panels show the unwrapped interferograms, the displacement pattern along the ascending (c) and descending (d) orbits. 
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2.4.1. 
The geometry and position of the sliding plane are estimated by 

nonlinearly inverting the cumulative displacements from S-1 interfero
grams in the period December 22, 2018 - January 03, 2019 and the 
ALOS-2 interferograms in Fig. S3. The resulting slip plane (the red plane 
in Fig. S5a) is located below the DGSD boundary at an average height of 
approximately 90 m a.s.l. and has a length of 1450 m, a width of 1750 m, 
a dip of approximately 2.3◦ towards E, and a mean slip of approximately 
10 cm directed towards the E (i.e., rake ≈ 100◦). The assessment of the 
parameter uncertainty and trade-offs (Fig. S6) highlights that the plane 
geometry and position are well constrained (grey planes in Fig. S5a) and 
adequately reproduces the observed ground movements from both S-1 
and ALOS-2 data, with RMSEs lower than 0.8 cm (Fig. S5b). 

The slip distribution was estimated by discretising the sliding plane 

retrieved from the nonlinear inversion step in a 150 m × 150 m grid (400 
cells). Then, we linearly inverted the ascending and descending dis
placements from S-1 data, covering the period December 22–28, 2018 
(left panels in Fig. 7a). These displacements are the best estimate of the 
coseismic movements caused solely by the December 26 Mw 4.9 event. 
The resulting slip distribution (Fig. 7b) is directed towards the E (green 
vectors in Fig. 7b, with a rake ≈ 100◦), and its amplitude gradually in
creases from W to E (Section A-A’ in Fig. 7b), peaking at approximately 
8.5 cm at the foot of the hill. This slip distribution accurately reproduces 
the observed InSAR displacements from S-1 data (centre panels in 
Fig. 7a) with residuals lower than 1.5 cm and RMSEs smaller than 0.5 cm 
(right panels in Fig. 7a). 

Fig. 5. Results of the decomposition of the ascending and descending S-1 InSAR displacements in the vertical and E-W components. (a) Vertical and (b) E-W 
displacement fields in the period December 22–28, 2018. Vertical and horizontal displacement profiles along the A-A’ cross-section (panels c and d) and B-B′ cross- 
section (panels e and f) from interferograms covering the time interval of December 22–28, 2018 (red curve), December 22, 2018 – January 03, 2019 (blue curve) 
and December 22, 2018 – January 09, 2019 (green curve). (g) Combined horizontal and vertical vector fields along the A-A’ cross-section in Fig. 5a and b. The vector 
length indicates the displacement amplitude, the colour the vector inclination (θ). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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3.4.2. Infinite slope back-analysis and estimation of soil strength 
After calculating the geometry and slip distribution (δ) of the po

tential sliding surface from the inversion of InSAR results, we estimated 
the critical soil strength parameters by performing a pseudostatic limit 
equilibrium analysis assuming an infinite slope (Fig. 2c). 

The kc values in eqs. (3) and (4) are estimated by calculating the 
critical acceleration (kc) values that are compatible with the δ values for 
each cell of the sliding plane in Fig. 7b, following the procedure 
described in Section 2.4.2. First, we estimated the kc-δ experimental 
relation (Fig. 8a) by selecting kc values in the range of 1 × 10− 5 g - 0.1 g 
and calculating the corresponding δ values with the Newmark 
displacement approach (Fig. 2a and b). We assumed the E-W component 
of the acceleration time history registered at the PTR station as the 
seismic input (Fig. 6b), with this component being the most energetic 
and perfectly aligned with the DGSD sliding plane orientation and slip 
direction (Fig. 7b). Then, from the obtained kc-δ curve (Fig. 8a), we 
estimated the kc values compatible with the δ values computed for each 
cell of the sliding plane in Fig. 7b. kc values in the range of 0.0025 g - 
0.006 g are estimated for the cells bounded by the external DGSD 
boundary (Fig. 8b). As expected, lower kc values correspond to higher δ 
values. 

Both drained and undrained conditions are assumed for the soil 
behaviour. For drained conditions, the critical friction angle (ϕc) is 
estimated using eq. (3) for each cell of the sliding plane in Fig. 7b, 
assuming a slope inclination (α) of 2.31◦ and the kc values of Fig. 8b. The 

computed ϕc values (Fig. 8c) range between 2.4 and 2.8 degrees, with a 
median value of approximately 2.5. These estimated values are not 
compatible with the experimental distribution of ϕ in Fig. 3b. 

For undrained conditions, the critical undrained cohesion (cu,c) is 
estimated according to Eq. (4) at each cell of the sliding plane in Fig. 7b. 
We assumed the kc values in Fig. 8b, a slope inclination (α) of 2.31◦, a 
soil unit weight (γ) of 19 kN/m3 (Fig. 3b) and a slope thickness (D) 
defined as the vertical distance between the ground surface and the 
centre of each cell on the sliding plane of Fig. 7b. The computed cu,c 
values (Fig. 8d) range between 30 and 200 kPa, with a median value of 
approximately 132 kPa. Such values are consistent with the experi
mental distribution of cu shown in Fig. 3b. 

4. Discussion 

The pseudostatic, limit-equilibrium back-analysis of the landslide 
mass confirmed that the displacements detected by InSAR spanning 
December 22–28, 2018 (Fig. 4) were caused by the light-to-moderate 
seismic shaking from the December 26 Mw 4.9 earthquake. The earth
quake triggered the undrained seismic instability of a previously un
known landslide mass that was dormant before the volcanic eruption 
(Fig. S7). 

The computed critical undrained shear strength required to cause 
slope instability (the cu,c values in Fig. 8d) agrees with the experimental 
values obtained from geotechnical surveys (cu boxplot in Fig. 3b). 

Fig. 6. Analysis of the earthquake sequence and strong-motion data. (a) Seismicity trend from December 22, 2018, to January 20, 2019, expressed as daily 
earthquakes and classified according to the magnitude. The red, blue and green arrows indicate the timespans covered by the S-1 interferograms analysed in Fig. 5 
and listed in Table S1. (b) Map of the PGA produced by the December 26, 2018 Mw 4.9 earthquake, together with the spatial distribution of earthquakes recorded 
from December 23, 2018, to January 30, 2019 (Berardi et al., 2020). (c) Three components of the acceleration time history caused by the December 26, 2018 Mw 4.9 
earthquake recorded at the PTR accelerometric station. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Conversely, the slope’s seismic stability in drained conditions is guar
anteed since the computed critical friction angles in drained conditions 
(the ϕc values in Fig. 8c) are very low, far below the experimental values 
(the ϕ boxplot in Fig. 3b). 

The undrained behaviour of clay-like materials under cyclic loads 
(Ansal and Erken, 1989 and references therein) is caused by the increase 
in pore water pressure. Excess pore pressures develop because the 
applied seismic shaking velocity, together with the low permeability of 

Fig. 7. Results of the analytical inversion of InSAR data. (a) Left panels: a stack of unwrapped ascending- and descending-track S-1 SAR interferograms spanning 
December 22–28, 2018. Centre panels: unwrapped best-fitting elastic dislocation model for distributed slip on a rectangular plane obtained from the inversion of 
InSAR outcomes. The dashed black rectangle shows the surface projection of the sliding plane, and the black arrow shows the direction of slip (rake). Right panels: 
unwrapped residuals between the data and the model. (b) 3D geometry and slip distribution of the potential sliding plane responsible for the ground displacements in 
panel a. 
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cohesive soils, does not allow rapid fluid drainage and pore-pressure 
dissipation. For the Paternò landslide, the seismic shaking caused by 
the December 26, 2018, Mw 4.9 event developed excess pore pressures in 
the clay formation, which is characterised by low hydraulic conductivity 
(k in Fig. 3b) and by a saturation level close to 100% (S in Fig. 3b). 
Excess pore pressures caused undrained instability and the coseismic 
accumulation of ground displacements (Fig. 4c and d and Fig. 5a and b). 
The excess pore pressures that developed during seismic shaking dissi
pated in the days following the earthquake, allowing a gradual transi
tion from unstable undrained behaviour to stable drained behaviour. 

During this period, further displacements accumulated, as documented 
by the InSAR-derived ground movements (Fig. 5c to f). The latter 
highlight a progressive growth of mainly eastward-oriented displace
ment in the period December 22, 2018 – January 03, 2019, at a 
decreasing rate that likely mimics the pore pressure dissipation rate. 
Other transient phenomena, such as creep processes or heavy rains that 
could trigger surficial displacements, are unlikely. Indeed, multi
temporal InSAR data from 2014 to 2017 indicate that the DGSD mass 
was stable before the volcanic eruption and seismic swarm (Fig. S4c), 
thus excluding creep processes. Moreover, data collected at the Paternò 

Fig. 8. Results of back-analysis for the infinite slope scheme. (a) Experimental kc-δ curve estimated by applying the Newmark displacement approach with the E-W 
component of the acceleration time history in Fig. 6c. (b) Computed kc values for each cell of the sliding plane in Fig. 7b. (c) Computed critical friction angle (ϕc) 
values for each cell of the sliding plane in Fig. 7b. (d) Computed critical undrained cohesion (cu,c) values for each cell of the sliding plane in Fig. 7b. 
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pluviometric station show that the amount of rain from December 
22–28, 2018 was negligible (Fig. S8). 

The earthquake epicentre position with respect to the landslide mass 
plays a fundamental role in landslide reactivation. The observed ground 
displacements are enhanced by alignment between the estimated slip 
plane (approximately W-E in Fig. 7) and the E-W acceleration compo
nent of the Mw 4.9 event registered at the PTR accelerometric station, 
which was the most energetic component of the earthquake (Fig. 6c). 
During an Mw 4.6 event that occurred on October 6, 2018 (Fig. S7), 
InSAR data do not identify any displacement over the DGSD body 
(Fig. S7). This discrepancy may be explained by the relative positions of 
the earthquake epicentre and the DGSD. The Mw 4.6 earthquake 
occurred approximately NNE of the Paternò landslide at an epicentral 
distance of only 10 km. Consequently, the N-S component of seismic 
shaking is the most energetic, with a PGA of 0.019 g (comparable with 
the PGA of the December 26, 2018 event). The E-W component had a 
PGA of only 2.69 × 10− 5 (D’Amico et al., 2020), apparently is not 
enough to trigger landslide displacements in the W-E direction. 

The adopted modelling approach and associated assumptions do not 
allow for a proper evaluation of excess pore pressures during seismic 
shaking and postseismic dissipation. The transient evolution of pore 
pressures is inferred from the undrained behaviour of the landslide mass 
only. Moreover, our modelling does not consider geometrical and lith
ological heterogeneities and rheological complexities, such as the non- 
planar shape of the sliding surface, the presence and mobilisation of 
multiple sliding surfaces (Fig. 3e and Fig. 5g) or soil layers with different 
geotechnical properties. Including such features, together with complete 
3D dynamic numerical modelling accounting for the full coupling be
tween solid deformation and fluid pressures, would provide a more 
comprehensive and accurate picture of the kinematics of the landslide 
mass during seismic shaking (Albano et al., 2015; Bottari et al., 2018), 
but it does not change the general conclusions provided in this work. 

Despite the limitations of the modelling approach, there is good 
agreement between the results of the analysis and the geomorphological 
evidence. Indeed, the analytical inversion of InSAR data confirms that 
the observed ground displacements are caused by the sliding of a deep 
blind surface, the location and geometry of which agree with the surface 
hypothesised from geomorphological analyses (Fig. 3 and Fig. 7). This 
surface can be approximated with the infinite slope scheme adopted for 
the back-analysis and the surface lies approximately below the water 
surface height of the Simeto River (Fig. 7), thus confirming that the soil 
is completely saturated by water. Therefore, undrained behaviour of the 
clay-like soils composing the landslide mass is expected during seismic 
shaking. 

The results of the analysis allowed us to identify the geometry and 
kinematics of a previously unknown landslide mass and confirm that 
even light-to-moderate earthquake shaking has a cumulative effect on 
landslides that does not necessarily manifest in the collapse of the 
landslide mass, but could potentially evolve into a catastrophic failure 
after several earthquakes. Identification of unknown quiescent landslide 
bodies can minimize the effects of their potential failure during an 
earthquake. 

5. Conclusions 

The interplay between volcano-tectonic earthquakes and the trig
gering of non-catastrophic landslide movement has been investigated by 
applying a multidisciplinary approach comprising geological, geomor
phological, seismological and remote sensing data, together with 
analytical and dynamic modelling. The main conclusions of this study 
are:  

• Geological and geomorphological analyses provided evidence of a 
previously unknown paleo-landslide located 5 km west of Paternò 
village and characterised by the presence of two distinct bodies, with 
an overall extent of approximately 3.40 km2. The hypothetical 

sliding surface starts at the toe of the hill and extends towards the top 
of the landslide mass at a depth of approximately 100–150 m from 
ground level.  

• InSAR data show that the landslide mass, which was in a dormant 
phase, was reactivated during the Etna volcano eruption and the 
related seismic swarm. 

• Analytical inversion of InSAR data identified the geometry and ki
nematics of the potential sliding surface. The geometry and position 
of the retrieved surface are in accordance with geological and 
geomorphological findings.  

• Back-analysis of the observed ground displacements confirmed that 
the landslide mass reactivated during the light-to-moderate seismic 
shaking caused by the December 26 Mw 4.9 earthquake 25 km away. 
The earthquake caused undrained instability of the landslide and 
ground displacement. 
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